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Abstract 
From 2009 to 2011, the Ministère des Ressources naturelles et de la Faune  (MRNF), which is the ministry 
responsible for natural resources and wildlife in Quebec, supported a pilot project aiming to develop the solar 
domestic water heater (SDWH) market in Québec. Seventy participants took part in this program, of which 23 agreed 
to be part of a campaign for monitoring the energy performance of their solar system. The Laboratoire des 
technologies de l’énergie (LTE) of the Hydro-Québec Research Institute was commissioned by the MRNF to conduct 
the monitoring. The main results of the study are published in this paper. 
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1. Introduction 
In June 2009, the Ministère des Ressources naturelles et de la Faune  (MRNF), which is the ministry 
responsible for natural resources and wildlife in Quebec, implemented a pilot project towards developing 
the solar domestic water heater market in the residential sector. About 70 customers took part in the 
project. In the context of this project, the MRNF commissioned Hydro-Québec's Laboratoire des 
technologies de l’énergie (LTE) to instrument, continuously monitor (by remote monitoring) and analyze 
the performance of several of these solar systems to ultimately quantify in-situ the energy savings of solar 
domestic water heaters in a Québec context. 
A total of 23 customers participated in the LTE monitoring campaign and, for the majority of those 
customers, the campaign began on August 1, 2010 and ended on August 1, 2011, which represented a 
period of one year. This article outlines the main results of the pilot project. 
Available online at www.sciencedirect.com
© 2012 The Authors. Published by Elsevier Ltd.
Selection and/or peer-review under responsibility of PSE AG
Open access under CC BY-NC-ND license.
Open access under CC BY-NC-ND license.
1332   Alain Moreau and François Laurencelle /  Energy Procedia  30 ( 2012 )  1331 – 1338 
 
2. Experimental conditions 
2.1 Description of a typical solar system 
One of the objectives of the MRNF pilot project was to stimulate the solar domestic water heater 
market in Québec. In this context, all the solar water heater systems were installed by qualified 
contractors; the MRNF was only involved in guidelines concerning safety issues. The systems that were 
monitored therefore represent the present status of Quebec know-how in this sector. 
Figure 1 shows a diagram of a typical solar domestic water heater system that was monitored as part of 
the pilot project. It is a classic system for a northern climate. The monitored values are also shown in this 
Figure. They were recorded at 5-minute intervals over the timeframe of the project. 
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Fig. 1. Diagram of a SDWH System 
 
All the systems were equipped with flat glazed solar panels and were installed facing south (±20°) on 
the roof of residences, and tilted at a 40 to 50° angle from the horizontal line (except for one system 
installed on wall). The total surface of the panels of most of the systems (75%) was  6 m2, i.e. two 3 m2 
panels. This is the surface that is generally recommended for an average household [1]. A glycol-based 
heat transfer fluid transferred the solar heat produced by the panels to the storage tanks installed in the 
basement of the homes. In the vast majority of the systems (20/23), the heat of the heat transfer fluid was 
delivered to the storage tank by way of a thermosyphon-type external heat exchanger. In the other 
systems, the heat exchanger were installed in the storage tank. The role of the storage tanks was to store 
the heat produced during the day by the solar panels. The storage tanks allowed to preheat the cold water 
from the water supply system entering the customer's domestic water heater. In the specific context of this 
project, most of the water heaters were 180- or 270-litre electric systems. 
Most of the storage tanks in this project were 180- or 270-litre electric water heaters without electric 
elements. Half of the installations were equipped with 2 storage tanks and the average storage volume of 
all installations was 385 litres. From an energy standpoint only, the choice of the storage volume of the 
tanks depend on several parameters, including, among other elements, the daily amount of hot water 
consumed, the daily hot water withdrawal profile, the surface of the panels and the amount of solar 
radiation. Generally, when the storage volume is high, the system ensures a supply of energy over a 
longer period of time, beyond the hours of solar radiation. On the other hand, a large storage volume 
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increases the stand-by losses as well as the capital costs. The value often recommended in the literature is 
75 litres per m2 of solar collectors, but can vary between 38 and 100 L/m2 [2, 3, 4]. On the other hand, the 
average ratio of the solar domestic water heaters certified by CSA Standard F379.1 is 58 litres per m2 [5]. 
In the context of this project, the storage volume installed in about half of the customer households was 
equal to or over 90 litres per m2, which is the recommended high threshold. This last result demonstrates 
that there is a tendency to oversize the storage tanks, as compared to the generally accepted design 
parameters. 
2.2 Weather conditions during the monitoring campaign   
The 23 household systems that were monitored were spread throughout the province of Québec but 
were mainly located in the zone between Montreal and the U.S. border, at the south of the City of 
Montreal. Figure 2 shows the outdoor temperature and the solar radiation recorded for all the systems 
during the overall project timeframe. On an annual basis, the average outdoor temperature at all the sites 
was 9.2°C and the average global incident solar radiation on the panels was 1323 kWh/m2/yr. Using the 
data from a Montreal weather station as a reference, the total solar radiation during the year covered by 
the campaign were 10.5% less prevalent than during an average year, which slightly hindered the 
performance of the solar domestic water heaters during the pilot project. However, the average outdoor 
temperature was the same as that of an average year. 
 
   
Fig. 2. Outdoor Temperature and Incident Solar Radiation on the Panels per Month (average, maximum and minimum at the 23 
customer locations)  
2.2 Hot water consumption of the customers and cold water temperature   
The average annual daily consumption of hot water recorded during the project was between 46 and 
325 litres/day depending on the customer. The overall average daily value was 143 litres throughout the 
monitoring campaign, which is below the daily consumption often referred to in past literature. Indeed, 
for comparison purposes, ASHRAE [6] and RETScreen [2] both suggest a daily hot water consumption of 
240 litres for a family of four, whereas [7] suggests a consumption of between 200 and 250 litres daily for 
an average Canadian household. Furthermore, according to [8], the average daily hot water consumption 
in Québec is estimated at approximately 189 litres, or 30% more than the sampling of customers in our 
SDWH project. 
In general, the temperature of the hot water delivered by the water heaters was set at 60°C, which is 
the normal temperature set on the thermostat of most domestic water heaters. The cold water temperature 
of each household's water supply system in our study was recorded as 10°C on an annual basis. 
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Depending on the month however, this temperature varied considerably between 6 °C on average for the 
sampling during the winter months and 15 °C during the summer months (Figure 3). 
 
 
Fig. 3. Cold Water Supply Temperature per Month  (average, maximum and minimum values at the 23 customer locations)   
3. Monitoring campaign results 
3.1. Energy savings 
The impact of the solar domestic water heaters on energy consumption was determined by comparing 
what the energy consumption would have been before the solar domestic water heaters were installed 
(Ebefore) and the energy recorded after their installation (Eafter). The savings comparing the 2 situations are 
simply evaluated in the following equation: 
 
 afterbefore EE=Savings   (1) 
Since no monitoring data was available before the installation of the solar systems, the Ebefore 
consumption was estimated based on an energy balance, presuming that the cold water supply from the 
water system was directly fed to the domestic water heaters, i.e. that: 
 
 ¦ uu loss+)T(TCm=E inoutpbefore  (2) 
 
where m is the hot water consumption (L); Cp is the water's specific heat (1.161X10-3 kWh/°C/L); Tout is 
the temperature of the hot water supplied to the house (°C); Tin is the temperature of the cold water (°C) 
and loss represents the stand-by losses of the water heater (95 W or 75 W depending on whether the 
volume of the tank was 270 or 180 litres). The Eafter consumption was estimated directly based on 
monitored electricity consumption if, of course, it was monitored. As for systems where electricity 
consumption could not be taken into account (e.g. gas, oil or direct water heaters), the Eafter consumption 
was estimated, as in the case of the Ebefore consumption, based on an energy balance. 
Figure 4 shows the annual energy savings determined for each of the customers in the project. It 
appears that the range of savings of the 23 households was extensive, ranging between 378 and 
2084 kWh/yr. The annual average of the group was 1215 kWh. The disparity of the energy savings of the 
different households can be attributed to several factors (the surface of the panels, solar radiation, hot 
water consumption, storage volume). A study of the results indicates a good correlation between the 
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annual hot water consumption and energy savings. A similar correlation had already been observed in a 
French study [9]. As shown in Figure 5, the energy savings tended to increase with the hot water 
consumption; however it should be specified that there was a disparity in this average trend. The rate of 
increase was 7.7 kWh/litre, that is to say that each litre of hot water consumed daily by a customer was 
accompanied, in a first approach, by an annual energy savings of 7.7 kWh. This is an empirical rule that is 
easy to use for an initial estimate of the annual energy savings associated with using conventional solar 
water heaters in Québec. It is interesting to note that in reference [9], the experimental results showed an 
increase in energy savings of approximately 8 kWh/litre. 
The solar coverage (also referred to as energy saving rate) η is the percentage of the energy needs 
(Ebefore) that is covered by the solar system.  
 
 
beforeE
savings=η   (3) 
 
 
Fig. 4. Customer Annual Energy Savings 
 
 
 
Fig. 5. Correlation between the Annual Energy Savings and Hot Water Consumption   
 
1336   Alain Moreau and François Laurencelle /  Energy Procedia  30 ( 2012 )  1331 – 1338 
 
The range of the annual solar coverage is between 21% and 68%. For comparison purposes, past 
literature indicates savings of between 35% and 70% [1, 9-14]. The results obtained in the framework of 
our project are in the order of magnitude of what is generally found in literature. The solar coverage of 
customers who consumed small amounts of hot water was generally greater since the energy needs for hot 
water were easily met by solar gains. However, the absolute value savings were generally lower for these 
customers, as discussed previously. The solar coverage significantly diminished as summer ended and 
winter began. During the summer, it was greater than 60% on average for the group of households, 
whereas it was lower than 20% in December and January. On average for the group, the solar domestic 
water heaters allowed the customers to save 40% on their annual energy needs. 
3.2 Seasonal variations of the performance of the SDWHs 
The number of hours during which the circulation pump of a solar domestic water heater is in 
operation is directly related to the hours of sunlight on the solar panels. On average for all our sample 
customers, the pumps ran for 1485 hours over the year, which represented 77% of the total hours of solar 
radiation on the panels. Depending upon the season, the number of hours of operation varied significantly 
between an average of 2 hours per day in the winter and more than 6 hours per day in the summer. The 
more significant number of hours of solar radiation in the summer is the main reason for these results. 
The seasonal variations in the hours of operation of the solar panels had a direct impact on the annual 
distribution of energy savings. On average, the results demonstrate that the monthly savings in the 
summer (between April and August) were almost 3 times greater than those in December and January 
(Figure 6), or approximately the same 3 to 1 ratio as the hours of operation of the SDWH pump. Overall, 
76% of the annual energy savings occurred in the summer, i.e. between April and November inclusively. 
 
 
 
Fig. 6. Monthly Distribution of the Energy Savings (average of the group and ± 1 standard deviation) 
3.3 Storage temperature 
In the summertime, the average storage temperature value was higher than 50 °C for the group of 
households whereas it was lower than 20 °C in December and January (Figure 7). These results are in 
keeping with the observations on the operating hours of the solar systems, that is to say that the storage 
temperature is a reflection of the number of operating hours of the solar domestic water heaters depending 
on the season. The disparity between installations was, however, significant at an approximate monthly 
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difference of 30 °C between the maximum and minimum values. Several factors account for the disparity: 
the storage volume, hot water consumption, surface of the solar panels, temperature of the cold water 
from the water system. Nevertheless, all the customers in the sampling demonstrated the same pattern in 
terms of the evolution of their system's storage temperature over the year, a much higher storage 
temperature in the summer than in the winter. 
The monitoring campaign demonstrated that the temperature in the higher part of the tank can reach 
values of above 70 °C. At those temperatures, the risk of burns are significant. For comparison purposes, 
it only takes 5 seconds to cause a 2nd degree burn with water at 60 °C. At 65 °C, it only takes 2 seconds. 
And at 70 °C, the burns are instantaneous [15]. This demonstrates that it is imperative that all solar 
domestic water heaters be equipped with a mixing valve to reduce the risk of burns, as recommended by 
CAN/CSA F383. 
 
Fig.7. Monthly Distribution of the Storage Temperature (group average and ± 1 standard deviation) 
 
4. Conclusion 
The solar domestic water heater technology is now mature and is the result of many years of study and 
international efforts to enhance the efficiency of these systems. Manufacturing and installation defects 
can certainly occur but, as a whole, the technology has been mastered and its performance has been 
optimized. Under specific conditions, most flat solar panels marketed nowadays can convert up to 80% of 
solar energy in the summer into heat, whereas their performance can be below 30% in the winter because 
of the solar panels' increased heat losses in cold weather.  
The pilot project demonstrated an average annual energy savings of 40% in the Quebec context. A 
few recommendations that are simple to implement would have allowed to increase these savings 
including: 1. minimizing the heat losses through the heat transfer fluid pipes by reducing the distance 
between the solar panels and the storage tank and properly insulating the heat transfer pipes; 2. 
minimizing the heat losses of the pipes that connect the storage tank to the water heater by reducing the 
distance between the two and properly insulating the pipes; 3. avoiding oversizing the volume of the 
storage tank to reduce heat losses and increase the system's overall performance; 4. providing the 
customers with a user friendly interface to keep them informed on the proper operation of their system 
and to allow them to intervene should a malfunction occur. 
Implementing these recommendations would have allowed to increase the percentage of the energy 
savings of the solar domestic water heaters by a few points. However, they will not solve one of the major 
challenge related to SDWHs, their affordability [14]. It is felt that the innovation efforts exerted on solar 
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systems should not be primarily focused on improving the technology's performance, but rather on 
reducing the purchasing and installation costs of the systems. 
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